An emerging branch of social cognitive neuroscience attempts to unravel the critical cognitive mechanisms that enable humans to engage in joint action. In the current experiment, differences in brain activity in participants engaging in solitary action and joint action were identified using whole brain fMRI while participants performed a virtual barbalancing task either alone (S), or with the help of a partner in each of two separate joint-action conditions (isomorphic [J i ] and non-isomorphic [J n ]). Compared to the performing the task alone, BOLD signal was found to be stronger in both joint-action conditions at specific sites in the human mirror system (MNS). This activation pattern may reflect the demand on participants to simulate the actions of others, integrate their own actions with those of their partners, and compute appropriate responses. Increasing inter-dependence (complementarity) of movements being generated by cooperating individuals (J n N J i N S) was found to correlate with BOLD signal in the right anterior node of the MNS (pars opercularis), and the area around the right temporoparietal junction (TPJ). These data are relevant to current debates concerning the role of right IFG in complementary action, as well as evolving theories of joint action.
Introduction
Although humans are capable of performing the majority of everyday tasks by themselves, they often encounter situations in which successful performance requires, or at least benefits from, the help of another person. Lifting a piano up a narrow staircase, playing a musical duet, or carrying on a conversation are prime examples of what can be referred to as shared cooperative activities (Bratman, 1992) , i.e. actions in which two or more agents adopt a pattern of coordinated action in order to achieve a common goal. Recent theories of joint action (Tomasello et al., 2005; Sebanz et al., 2006; Newman-Norlund et al., 2007b) propose that separate behaviors of cooperating individuals may be integrated on a number of levels including actions, goals, and intentions. However, few experiments have attempted to characterize differences between comparable tasks carried out by a single individual versus a dyad. The goal of the current experiment was to examine the nature of neural systems supporting individual and joint action in a continuous dynamic motor task. Specifically, we were interested in evaluating the contribution of the human MNS, which has been linked to simulation processes, to joint action.
The ability to simulate the actions of others has been proposed as one way in which individual motor plans are coordinated during joint activities. Specifically, simulation theory (Gallese and Goldman, 1999) argues that we derive our ability to predict the actions of others from our ability to mentally simulate their actions. When we view another person performing an action, we rely on the same areas in our brain that would use if we were, ourselves, performing that action. Based on our own internal models of action and action semantics, we are able to infer what our future actions (or goals) would be if we were acting in such a manner. Gallese (2006) suggest that simulation depends on the human mirror system (MNS); a circuit which marries the processing of both observed and self-generated actions. Results from numerous experiments suggest that this circuit is composed of a bilateral network including the inferior frontal gyrus (IFG, BA 44) and inferior parietal lobe (IPL, BA 40) (Fadiga et al., 1995; Rizzolatti et al., 1996; Grezes et al., 1998; Iacoboni et al., 1999; Buccino et al., 2001; Rizzolatti and Craighero, 2004; MonlarSzakacs et al., 2005; Saxe and Wexler, 2005; Aziz-Zadeh et al., 2006) . What remains unknown is the contribution of the MNS during jointaction tasks, tasks in which simulation of others may be particularly critical to success. Current theories suggest that action anticipation is critical to the maintenance of smooth and efficient cooperative interactions (Knoblich and Jordan, 2003) . One way in which actions can be anticipated involves reliance on simulation mechanisms. Specifically, simulation of others' actions may allow us to predict the immediate goals of a co-actor, and modify our own action plans to ensure execution of an appropriate reactions. In a recent behavioral experiment conducted by Bosga and Meulenbroek (2007) , participants lifted and balanced (horizontally) a virtual bar in a target zone either alone or together with a partner. Analysis of data from this experiment revealed that, when cooperating individuals were in control of both ends of the bar (isomorphic balancing), they generated coordinated response trains during bar balancing with each lifter effectively compensating for anticipated bar orientation errors introduced by the other's actions. In contrast, when participants each controlled only one end of the bar (non-isomorphic balancing), successive actions were produced on the basis of inferring the visual feedback, thereby producing a type of coordination that was maximally reactive in nature. In both cases, participants were generating complementary actions, i.e. non-imitative responses designed to effectively achieve a common goal when working with a partner. Moreover, the strength of this complementary response (quantified as the correlation between forces) was found to be greater for non-isomorphic as compared to isomorphic lifting. Importantly, the generation of complementary actions within a cooperative context has previously been shown to activate specific sites the MNS (Newman-Norlund et al., 2007a ). But, the task used in this previous experiment involved planning and executing object directed hand actions following action observation. It remains to be determined whether the same MNS sites would respond to planning and generation of complementary actions during a continuous motor task.
In order to asses the role of the MNS in actions performed alone or with a partner, we scanned participants while they performed a visual-motor balancing task either alone or cooperatively in one of two joint-action configurations used in a previous behavioral experiment (Bosga and Meulenbroek, 2007) . In our task, participants utilized force pads to lift a bar to a goal area while balancing a ball in the middle. In the solo condition (S), participants lifted the left and right sides of the bar with their left and right hands, respectively (L= {l 1 }, R = {r 1 }), on separate screens. The isomorphic condition (J i ) was identical to the solo condition, except that forces from pads held by both participants were summed (L= {l 1 + l 2 }, R = {r 1 + r 2 }) to produce a resulting force that lifted a virtual bar presented on a single display visible to both participants. In the final condition, nonisomorphic joint action (J n ), each participant exerted control over only one side of a single virtual bar (L= {l 1 + r 1 }, R = {l 2 + r 2 }) (Fig. 1) . Based on the hypothesis that joint action involves simulating the actions of your partner, we predicted that brain areas thought to support simulation of others' actions, e.g. bilateral IFG and IPL, would be more active in the joint conditions than in the solo condition. Furthermore, because the non-isomorphic joint-action condition requires such a strong complementary dependency (the force generation parameters of player 1 and player 2 are anticorrelated as opposed to correlated) relative to force generation parameters generated in the isomorphic condition, we predicted that patterns of brain activation observed during these two joint-action conditions would differ at sites in the MNS. Specifically, we predicted that activity in right anterior node of the MNS, a site previously correlated with the planning of complementary actions, would be greatest in conditions in which production of complementary actions was particularly salient.
Materials and methods
Twenty dyads composed of healthy, right-handed (Oldfield, 1971) adult males between the age of 18 and 27 participated in the experiment. Within each dyad, one person was randomly assigned to perform the experiment while being scanned, while the other person performed the tasks in an adjacent room. Both subjects were naive to the purpose of the experiment and did not know each other. They met briefly for the first time in a 5 min practice session designed to familiarize them with the three experimental conditions. All participants were equally compensated for their participation (equivalent of $12 per hour).
Four custom built fMRI compatible squeeze pads, two for each participant, were developed for and used in the current experiment. These squeeze pads consisted of electromagnetically shielded isometric strain gauges fitted to an ergonomic plastic housing. Because the squeeze pads did not always return to zero position, output of the pads was manually adjusted to a value of zero prior to each functional run. The signal from these gauges was amplified and high pass filtered before being read by a dedicated fMRI computer running Presentation TM software (version 10.1) (http://nbs.neuro-bs. com/). A force of .22 N was required to increase the digital signal output of the strain gauge (Range = 0 à 1024) by a single unit. Participants could increase the signal by squeezing the pad (this resulted in the bar moving up) or decrease the signal by relaxing their grip (this resulted in the bar moving down). The digital output signal then corresponded to the positional output of the center of the left and right sides of the virtual bar being lifted. Visual stimuli were viewed at a resolution of 1024 × 768 on a screen visible to supine participants through a mirror.
Stimulus presentation was realized using Presentation TM software. All trials began by showing a ball balanced on the center of a bar at the bottom of the screen. Additional pictorial cues, consisting of graphical representations of the hands of player one and player two, indicated to the participants which condition they were in prior to trial onset. Three conditions were presented in random order and with equal frequency during each of three functional scanning sessions. Participants rested for 5 min between each scanning sessions. In the solo condition (S), participants inside and outside the magnet used squeeze pads in both their left and right hands to lift the left and right side of the bar, respectively. In the case that one person finished before the other, they were presented with a fixation point while they waited for the other participant to finish their solo trial. In the isomorphic joint condition (J i ), both subjects exerted control over the left and right sides of the bar using their left and right hands, respectively. These forces were added to produce the resultant force that lifted and balanced the bar. Finally, in the non-isomorphic joint condition (J n ), each participant exerted control over only one side of the bar, although both hands could be used to generate the force. The goal was the same in all three conditions; to lift the bar into the target area delimited by two stationary horizontal bars and maintain that position for 2 s while keeping the freely rolling virtual ball as close to the center of the bar as possible. Participants had a maximum of 10 s to achieve this goal. The position of the virtual ball was calculated and updated using a physical model based on the current angle of the bar. Each of the three scanning sessions was of variable length due to the self-paced nature of the lifting trials (M = 20 min, 31 s, SD = 1 min, 25 s). The length of the ITI, which consisted of a fixation cross, was varied to introduce a further temporal jitter between the events {0 ms, 550 ms, 1100 ms, 2000 ms}.
Behavioral results
Participants were able to successfully perform the task in all conditions. A number of parameters were compared between the three conditions of interest. A one-way ANOVA using success rate as the dependent variable yielded a significant main effect of condition F(2,18) = 5.65, p b .01. Post hoc t-tests revealed that total success rate of the solo (M = 55.8% correct) and isomorphic joint (M = 57.7% correct) conditions was not significantly different, t(18) = −.55, p =.58), but that participants did perform significantly worse in the in the non-isomorphic condition (M = 30.6% correct) as compared to the other two conditions (t(18) = 8.63, p b .001). Although the effects of differences in average force per trial as well as average trial duration were controlled for in SPM (using parametric modulations), these data were additionally subjected to statistical analysis. A one-way ANOVA using trial duration as the dependent measure was marginally insignificant, F(2,57) = 2.65, p = .079. The same test, using average force generated as the dependent measure, was significant, F(2,57) = 3.86, p b .05. Post hoc tests revealed that average force generated in the solo condition (M = 20.4 N, SD = 3.2 N) was significantly higher than the average force generated in the isomorphic joint condition (M = 17.9 N, SD = 2.5 N) and there was a trend ( p = .07) toward higher average force production in the non-isomorphic joint (M = 17.6 N, SD = 4.0 N) versus the solo condition. We also compared average bar orientation error (average absolute angular deviation from 180°) between the three conditions of interest. Here, the one-way ANOVA proved significant, F(2,57) = 6.43, p b .005, with post hoc comparisons showing that bar orientation error was significantly higher in the non-isomorphic joint condition (M = 10.4°, SD = 4.6°) as compared to the isomorphic joint (M = 6.6°, SD = 2.1°), p b .005, and the solo (M = 7.6°, SD = 2.7°), p b .05, conditions. However, average bar orientation error did not significantly differ between the solo and isomorphic joint conditions, p = .62. A one-way ANOVA using the average ball displacement error as the dependent variable also showed a significant main effect of condition, F(2,57) = 20.5, p b .001. Again, Only clusters surviving a significance threshold of p b .001 uncorrected, 10 voxel extent are shown. PMd = dorsal premotor cortex, PMv = ventral premotor cortex, SMA = supplementary motor area, IFS = Inferior frontal sulcus, IFG = inferior frontal gyrus (oper = pars opercularis, orb = pars orbitalis), sIFG = superior inferior frontal gyrus, STSp = posterior superior temporal sulcus, IPL = inferior parietal lobule, mIPS = middle inferior parietal sulcus, STSp/TPJ = posterior superior temporal sulcus/temporoparietal junction, MFG = medial frontal gyrus, PCu = precuneus, SFG = superior frontal gyrus, OCC = occipital lobe, LG = lingual gyrus. N = no activation.
post hoc paired samples t-tests revealed a significant difference in mean ball error between solo (M = 308 pixels, SD = 142 pixels) and isomorphic joint conditions (M = 269 pixels, SD = 193 pixels) conditions, p b .05, and a marginally insignificant trend toward less average ball displacement error in the solo as compared to the nonisomorphic joint condition (M = 241 pixels, SD = 103 pixels) condition, p = .12 (Fig. 2) .
fMRI data
Data acquisition and preprocessing
Functional images were acquired on a Siemens Trio 3-T MR scanner using an ascending slice acquisition sequence and a birdcage head coil (TR = 2.65 s, TE = 35 ms, 90°flip angle, 34 axial slices, slice-matrix size = 64 × 64, slice thickness = 3 mm, slice gap = .5 mm, FOV = 22.4 mm, voxel size = 3.5 × 3.5 × 3.5 mm). Following functional runs, a T1-weighted 3-D MPRAGE sequence (volume TR = 1960 ms, TE = 4.43 ms, 8°flip angle, 176 coronal slices, slice-matrix size = 256 × 208, slice thickness = 1.0 mm, voxel size = 1 × 1 × 1 mm) was used to obtain high-resolution whole brain images. Data were preprocessed using SPM2 (www.fil.ion.ucl.ac. uk/spm). All functional data were corrected for motion artifacts and co-registered with the high resolution T2-weighted anatomical image. These images were normalized to the Montreal Neurological Institute (MNI) template with a resolution of 1 × 1 × 1 mm, and smoothed in three dimensions using a 6 × 6 × 6 mm gaussian kernel.
fMRI statistical models
Three separate epoch types were modeled by a standard HRF corresponding to the conditions of interest {S, J i , J n }. These conditions were modeled as the time from the onset of bar lifting in each trial to the end of the trial (marked by successful completion of the trial or a maximum of 10 s, whichever came first) in the given condition. Regressors for head movement parameters derived from realignment were included in the models. Because total force exerted and in the solo and joint conditions differed, and this difference was a potential confound to comparisons of brain activation across the conditions (Dettmers et al., 1996) , three separate parametric modulators consisting of the (1) total force exerted in each trial by the left hand, (2) total force exerted in each trial by the right hand, and (3) total force exerted in each trial by both hands were added to the model. A fourth parametric modulator, taking duration of the trials into account, was also included. Following estimation of the models, resulting contrast images were entered into a random effects analysis in SPM2. A series of one sample t-tests were conducted to address the a priori hypotheses regarding the role of the human MNS in joint action. Images were thresholded at p b .001, 10 voxel extent, uncorrected. For all analyses, we assessed which area was significantly modulated by force production and trial duration. Brain areas found to be significantly correlated with these parametric modulations (at the same p-values used to threshold the contrasts) were not considered for further analysis nor are they reported here.
fMRI results
To first establish the brain network involved in the bar lifting task, voxels surviving a significance threshold of p b .001 uncorrected, 10 voxel extent, in each of the three experimental conditions were entered into a conjunction analysis [(J n b .001 and (J i b .001) and (S b .001)]. Results from this conjunction implicated a large brain network, including bilateral IFG (pars opercularis) and bilateral inferior parietal lobe (IPL), both of which are considered components of the putative human MNS, in the lift and balance task.
In order to determine whether activity within this network significantly differed between solo and joint conditions, a series of paired-samples t-tests were conducted using individual contrast images generated during first level analyses in SPM2. Comparison of the isomorphic joint-action and solo conditions (J i − S) revealed significant activation in human MNS at sites including the IFG pars opercularis (BA 44) and the left IPL (BA 40). Additional activations were found in ventral premotor cortex (PMv), precuneus (PCu), middle intraparietal sulcus (mIPS), inferior frontal sulcus (IFS), cerebellum, and the area around the STSp/TPJ. Similarly, the comparison of non-isomorphic joint action and solo action (J n − S) revealed significant MNS activation in IFG (pars opercularis), as well as activations in the PMd, SMA, PCu, middle frontal gyrus (MFG), and the STSp/TPJ. Finally, comparison of the two joint- Table 2 Local maxima of brain areas surviving the intersection of (S b J i ) and (J i b J n ), p b .001, 10 voxel extent, uncorrected are listed Both areas are located in the right hemisphere. The p overall is the probability of a given result occurring in each of the individual contrasts entered into the conjunction analysis multiplied together. IFG(oper) = inferior frontal gyrus, operculum, STSp/TPJ = posterior superior temporal sulcus/temporoparietal junction. action conditions (J n − J i ) revealed significant differences at sites in the IFG (pars orbitalis and pars opercularis), anterior insular cortex, SMA, MFG, PCu, occipital cortex, cerebellum, and the STSp/TPJ (Table 1) . Finally, because previous research had demonstrated that complementary action requirement of the (e.g. the degree to which force production was anti-correlated) non-isomorphic condition was higher than the complementary action requirement of the isomorphic condition, we computed which brain areas were positively correlated with this factor. Specifically, we modeled brain areas whose activity pattern was such that (J n N J i N S) by calculating the intersection of statistical maps generated in the (J n − J i ) and (J i − S) contrasts ( p b .001, 10 voxel extent, uncorrected). This conjunction revealed brain areas that were both more active during nonisomorphic than isomorphic joint action, and more active during isomorphic joint action than solo action. Two brain sites survived this intersection analysis: the right STSp/TPJ and the right IFG (pars opercularis) (Table 2, Fig. 3 ).
Discussion
The primary goal of the current experiment was to determine the involvement of the human MNS in a previously reported (Bosga and Meulenbroek, 2007 ) continuous joint-action task involving lifting and balancing a bar. Based on the hypothesis that joint action involves simulating the actions of one's partner, we predicted that brain areas thought to support simulation (IFG, IPL) would be more active in the joint conditions than in the solo condition. Furthermore, because the non-isomorphic joint-action condition requires such a strong complementary dependency as compared to the isomorphic condition (Bosga and Meulenbroek, 2007) , we predicted that patterns of brain activation observed during these two joint-action conditions would differ. Based on previous experiments indicating the involvement of the right anterior node of the MNS in complementary actions, we predicted activity at this site would, in the current experiment, be greatest in the joint-action conditions, with relatively greater activity for conditions in which generation of complementary actions was particularly important (NewmanNorlund et al., 2007a) . Results from our planned comparisons support the hypothesis that the human MNS is activated to a greater extent during execution of actions carried out with a partner as compared to actions carried out alone, and also corroborate previous data demonstrating the preferential involvement of right IFG in complementary actions.
Isomorphic joint action versus solo action
Perhaps the cleanest comparison of joint and solo action is the comparison between the solo and isomorphic joint conditions. These two conditions were virtually indistinguishable in terms of behavioral measures. This comparison of isomorphic joint action and solo action revealed that brain areas implicated in simulation, including left inferior parietal lobule (BA 40) and bilateral inferior frontal gyrus (BA 44), were more active when participants acted together than when they acted alone. These data are consistent with the idea that participants were engaging in more robust motor simulation of other's actions when working together. This finding extends previous literature demonstrating the involvement of the MNS in a cooperative task involving discrete motor responses and abstract stimuli (Knoblich and Jordan, 2003) , to a context in which force generation/integration and the computation of an appropriate response are continuous. This finding is important because it has been difficult to generalize from previous joint-action research (Knoblich and Jordan, 2003; Sebanz et al., 2007) , which was based on coordination involving discrete events, to real life instances of cooperation which ordinarily involve a continuous component. Additionally, this finding may be relevant to mathematical models of joint action. It has been proposed that the ability to cooperate with other agents has a distinct temporal component that is likely to evolve across time as we learn the preferences of our partners, and hence, the likelihood of a given action in a given situation (Cuijpers et al., 2006) . The present finding that the MNS is indeed involved in continuous joint-action tasks is consistent with this idea.
It may be important to note that, in the solo condition, participants were aware that they were performing the task simultaneously with their partner outside the scanner. Although participants did not receive feedback on what their partner was doing in the solo condition, it is possible that brain activity was in some way influenced by the mere possibility that their partner was engaging in a similar action. We cannot rule out the possibility that different results would have been obtained if participants were told that their partner would be inactive during the solo condition.
Joint-action dependency and the right hemisphere
An interesting finding from this experiment is that the activity found to be positively correlated with increasing joint-action demands in the J n N J i N S conjunction was confined to sites in the right hemisphere only, including the right anterior component of the human mirror system (BA 44). In the present experiment, we defined joint-action demands as the degree to which one's own actions depend on and needed to be temporally coordinated with the actions of another individual in order to successfully achieve a shared goal. This was maximal in the non-isomorphic condition in which participants critically depended on each other. Indeed, in this condition, the task could not be accomplished alone: any attempts to lift the bar by oneself would have simply resulted in the movement of one side of the bar and the ball falling. The requirement to integrate one's own moves with those of one's partner was somewhat less in the isomorphic joint-action condition. Here, it was possible to lift the bar alone, although, notably, not a single dyad adopted this approach. There was no complementary demand, save perhaps between the two hands of an individual, in the solo condition.
The question then arises: what might the reported difference in BOLD signal in the right inferior frontal site represent? One possibility is that the right hemisphere is uniquely suited to process information in social contexts in which our own actions are dependent on and must be integrated with those of another person. The right hemisphere's capacity to process spatial characteristics of the environment (Witelson, 1976 ) may be one particularly important aspect of its role in joint action because such a capacity could, in theory, enable simultaneous processing/representing of multiple spatial locations, perspectives, or spatial reference frames, all of which are important to predicting the actions, goals, and intentions of others. The right hemisphere may serve to simultaneously maintain and integrate/distinguish multiple representations of actions, goals, and intentions during joint-action situations in which such distinctions are called for. Although speculative, one intriguing possibility is that integration of disparate representations (i.e. characteristics of self and other) may be supported by the properties of cells in the RH. While smaller RFs are hypothesized to represent quick, consolidated processing circuits, larger RFs are thought to process broader categories of information obtained form disparate sources (Kosslyn, 1991) . There is all ready some evidence that semantic receptive fields are larger in the RH than the LH (Hutsler and Galuske, 2003) . If the receptive fields of neurons in the left and right components of the MNS follow this pattern, it is reasonable to assume that the right hemisphere would be better able to compute appropriate responses to ongoing actions in joint-action scenarios where one must take into account the current actions of multiple actors. Future experiments involving joint action may address this possibility.
One must also consider the possibility that, since the right hemisphere is known to be involved in spatial processes (Jager and Postma, 2003; Schatz et al., 2004) , one might hypothesize that differences between solo and joint conditions in this comparison were due to differences in the spatial characteristics of the visual scene. However, we would suggest that this is not the case under the present circumstances. While it is apparent that the spatial characteristics of the movements leading to success were spatially different in the J n condition as compared to the J i condition (I lift my side of the bar, then you lift yours, etc.), there is no evidence that the spatial characteristics of the bar movement were different in the isomorphic joint and solo conditions. Indeed, performance in these conditions was statistically indistinguishable on all behavioral measures subjected to analysis. Because areas surviving the J n N J i N S conjunction were required to be significant in both contrasts mentioned above, we suggest that differences in spatial characteristics are not responsible for the observed right hemisphere activations which are correlated with increasing requirement to generate complementary actions.
Simulation without direct action observation
An important result of the current experiment is the finding that the human mirror system was more active in the joint-action as compared to solo conditions even though participants did not have access to a direct visual description of the action (i.e. the hand movements generated by the cooperating agent). Indeed, in both joint-action conditions in the current experiment, the participant lying in the scanner had access to the other person's actions only via the influence they observed on the bar/ball complex. This finding is consistent with common coding theory (Prinz, 1997) and the theory of event coding (TEC) (Hommel et al., 2001 ) which posit that perception and action share a common neural code, and that adaptive motor behavior is supported by a flexible link between perception and action. Accordingly, observation of a visual code that is linked to a motor action (presumably as a result of one's own direct visual or motor experience) could activate one's own internal motor representation of the action that produced the visual effect. Our data are consistent with the idea that the mirror system can respond to actions in the absence of a direct visual description of the movement, and provide evidence that direct action observation may not be critical for engaging specific components of the human mirror system. This response characteristic may be, in part, what makes the mirror system such a powerful mechanism for predicting actions in a noisy environment in which visual representations may not always be present. This result can be related to real-life examples also. When driving your car behind someone, one often finds himself or herself swerving medially or laterally in synchrony with the lead car. This might be due to the effects of simulating the actions of another driver based on the known motor mapping between arm movements and the movements of an automobile. Further experiments might be conducted to determine more precisely the role of the MNS in action simulations that are based on well-learned or even more abstract relationships between visual stimuli and human movements.
It is also unclear whether, in the present experiment, the MNS was engaged because the observer perceived that a biological agent was controlling the other bar, or simply because the participant was required to generate actions complementary to an observed visual pattern. It may be, for example, that requiring participants to cooperate with a non-biological, yet predictable influence on the bar's height and orientation, would also recruit components of the MNS. A critical variant of the current experiment could involve a human interacting with such an artificial agent. The question would then be whether or not these simulation areas are activated during jointaction conditions in which the partner's influence on the system does not conform to expected biological patterns.
Joint action and the right STSp/TPJ and PCu
In the joint conditions, BOLD signal was significantly greater at locations in right STSp/TPJ and PCu. Although right STSp/TPJ activation is often observed in experiments involving interactions with others, the exact role it plays in such situations remains unclear. Indeed, there is quite some confusion in the literature, with similar sites often being reported as either STSp or TPJ or both (see Decety and Grezes, 2006 , for review). We will refer to this activity as falling in the STSp/TPJ. This site is located in the ventral portion of the IPL (BA 39) and should be considered as separate from the inferior parietal activation reported in the (J i − S) comparison which falls in the more dorsal portion of IPL (BA 40). Activity around the right TPJ has been linked to a variety of processes including mentalizing about the beliefs of others (Saxe and Kanwisher, 2003; Saxe and Wexler, 2005; Saxe and Powell, 2006) , reorienting visual attention (Mitchell, 2008) , and determining agency in situations where one must distinguish between actions generated by oneself and another agent (Chaminade and Decety, 2002; Decety, 2002; Blakemore et al., 2003) . The current finding that joint action recruits right STSp/TPJ to a greater extent than solo action is weakly consistent with the idea that this area processes beliefs about others. While there is no strong reason to believe that people were attributing, or needed to attribute beliefs to their partner in the current experiment, this is a possibility that cannot be entirely ruled out. A second possibility, recently put forward by Mitchell et al. (2008) is that the right TPJ is specialized for the attribution and reorientation of attention. It is easy to see how the joint-action conditions in the current experiment may have entailed more reorientation of attention than the solo condition. Unexpected shifts in the orientation of the bar or the speed of the ball are likely to have caused the observer to reorient their attention to different components of the visual display. However, it is our opinion that the current finding is most consistent with a third interpretation of right TPJ activity, i.e. that the right TPJ plays a role in the attribution of agency in ambiguous situations. Indeed, a critical component of successful performance in many joint-action tasks (including the current one) is the ability to separate one's own input from that one's partner. Creating such a division is fundamental to the development of predictive models concerning the actions of other entities independent of one's own actions.
Regarding observed PCu activation, a recent review of neuroimaging experiments suggests that the PCu may be part of a network in which personal identity and experiences are processed (Cavanna and Trimble, 2006 ). In the current experiment, it is plausible that the participants devoted more effort to monitoring their own behaviors during the joint conditions in order to better disambiguate their own actions from those generated by their partner. This interpretation is consistent with other neuroimaging experiments suggesting that the PCu is part of the network used to determine a sense of agency (Vogeley et al., 2001; Vogeley and Fink, 2003) .
Different joint action, different functional signature
Comparison of both joint-action conditions to the solo condition (J i − S and J n − S) revealed similar reliance on the right STSp/TPJ. However, BOLD signal in the anterior insula was significantly different in the comparison of non-isomorphic and isomorphic joint action. A number of experiments suggest that the insula (in addition to the TPJ) plays a role in the attribution of agency (Farrer and Frith, 2002; Farrer et al., 2003) . The current finding suggests that the brain bases of attribution of agency in joint-action situations may critically depend on the exact nature of the task. Because J i and J n both involved determining ones own influence and the influence of another person on the system, one might expect both to show identical activation in the insula. In the non-isomorphic joint condition, it was critical that participants pay attention to the actions of their partner. However, the influence of each person was less ambiguous than in the J i condition because each player was only responsible for lifting one side of the bar. In the J i condition, on the other hand, the influence of oneself and one's partner could only be disambiguated by observing both sides of the bar. Indeed, such disambiguation was not necessary to the task, although such information is fundamental in determining any patterns intrinsic to the partner's movements (which could then be integrated into one's own action system and used to compute appropriate modifications of self-generated action plans). This finding reveals an important aspect of cooperative interactions, namely that all types of joint action are not identical, and that parameters reflecting the degree to which one's own input are clear, and perhaps the importance of disambiguating one's own contributions from those of a partner, may play a critical role in determining patterns of brain activity.
General conclusion
To date, the majority of experiments in the fields of cognitive psychology and neuroimaging have measured humans as they perform solitary tasks. This approach has drawn attention away from a critical aspect of humanity, the importance of and reliance on cooperative, coordinated joint actions. The current experiment was designed to explore the functional correlates of joint action using a simple cooperative lifting/balancing task. Our results suggest that cooperative joint action in a continuous visuo-motor balancing task engages the human mirror system, possibly to simulate the actions of other agents or to integrate the actions of others with one's own. As predicted based on previous experiments, activity in the right IFG was related to the extent to which participants were required to produce complementary responses. Moreover, we show that areas involved in theory of mind and sense of agency are differentially involved in joint action, and that different types of joint action rely on these areas to different degrees. Lastly, our results raise the tantalizing possibility that the right hemisphere may be particularly well suited to processing types of information that are critical in joint-action situations. Of course, the study of human joint action is still in its infancy. Future experiments involving joint action must explore specific sub-components of joint-action tasks in greater detail, with particular attention being paid to the creation of experimental paradigms in which these individual components can be examined at multiple levels of complexity. Additionally, researchers may explore the role of specific right-hemisphere areas in a variety of joint-action tasks. Eventually, a better understanding of how humans are able to perform joint actions may lead to significant advances in human-computer interactions, and may additionally have implications for patient populations with social skill deficits such as autistic spectrum disorder and diagnosable cases of antisocial disorder.
